Introduction
The demand for a change in the way we consume and produce our energy is motivated by increasing climate change caused by the release of CO 2 into the atmosphere due to burning fossil fuels leading to planet warming. Our energy demands will continue to increase into the future, and it is important that we now put systems in place that will allow us to begin to move away from our dependence on traditional fossil fuels. The European directive 2009/28/EC sets out a target for all EU member states to produce at least 10% of their energy for transport from renewable energy sources by 2020. The directive outlines the importance of using biofuels produced from biomass in reaching this target. Methanol produced from sources such as lignocellulosic biomass, carbon capture technologies [1] and algae make methanol potentially viable as a renewable energy resource. Currently, methanol is mainly produced from syngas.
The main disadvantage of methanol compared to conventional gasoline is its low energy density, water solubility, and toxicity. For this reason much emphasis is now being placed on looking at the production of longer chain alcohols. Chemical kinetic mechanisms can provide insight into which of these alcohols best lends itself to replacing gasoline in internal combustion engines.
These mechanisms are built in a hierarchical manner. It is therefore important to understand the simplest alcohol, methanol, if accurate mechanisms for longer chain alcohols are to be developed. Data such as ST and RCM ignition delay times and JSR species measurements presented in this paper are extremely useful in the validation of these mechanisms, and though there is a large quantity of previously published data on methanol there is a lack of high-pressure data, especially at low temperatures. If alcoholic compounds are to be considered as alternatives to gasoline in internal combustion engines, then data to represent these fuels at the conditions within an engine, such as high pressures (10-150 atm) are needed to allow for confidence in the predictive power of chemical kinetic mechanisms under these conditions. In addition to this, methanol forms part of the sub-mechanism for larger hydrocarbon fuels in general. For example; the reaction between methyl and hydroxyl radical forming methanol is a very important reaction, particularly in accurately predicting hydrocarbon flames speeds.
Several existing studies have investigated the ignition characteristics of methanol. Cooke et al.
[2] investigated ignition delay times for stoichiometric mixtures of methanol (and ethanol) in the temperature range 1570-1870 K and measured ignition delay times using both CH ⋆ and OH ⋆ emission.
Bowman [3] studied the oxidation of methanol behind reflected shock waves in the temperature range of 1545-2180 K and at reflected shock pressures of 1.5-4.2 atm while ignition delay times were defined as the attainment of the maximum concentration of CO and O-atom concentrations.
Tsuboi et al. [4] measured CH 3 OH, H 2 O, CO 2 , CO and CH 2 O profiles behind reflected shock waves for a variety of mixtures in Ar. All these early studies were conducted under highly dilute conditions.
Fieweger et al. [5] studied the self-ignition characteristics of several fuels including stoichiometric methanol/'air' mixtures at pressures of 13 and 40 bar and temperatures of approximately 800-1200 K. The authors used CH-band emissions and the maximum rate of change of pressure to define the ignition delay time. In addition they reported the appearance of mild-ignition characteristics when studying methanol autoignition.
Noorani et al. [6] studied the high temperature ignition of C 1 -C 4 straight chain alcohols at 2, 10 and 12 atm. The authors used CH ⋆ emissions to measure the ignition delay time.
The only RCM study of methanol oxidation to date was performed by Kumar and Sung [7] . This study included compressed pressures of 7-30 bar over a temperature range of 850-1100 K, for equivalence ratios of 0.25-1.00 diluted in 'air' using Ar as the bath gas. The ignition delay definition used was the maximum rate of pressure increase.
Dayma et al. [8] studied the oxidation of methanol in the absence and in the presence of NO or NO 2 in a JSR at 10 atm. The authors reported species concentrations for CH 3 OH, NO, NO 2 , CO, CO 2 and CH 2 O.
Cathonnet et al. [9] performed pyrolysis experiments using a static reactor. The study was conducted at pressures of 0.3-0.5 atm over a temperature range of 875-975 K.
Methanol oxidation has been studied several times in flow reactors [10] [11] [12] . Aronowitz et al.
[10] performed experiments on methanol oxidation at atmospheric pressure, in the initial temperature and equivalence ratio ranges of 950-1030 K and 0.03-3.16, respectively. Norton and Dryer [11] performed detailed methanol oxidation experiments using a turbulent flow reactor at equivalence ratios ranging from 0.6-1.6 and at initial temperatures from 1025-1090 K at atmospheric pressure. Held and Dryer [12] reported species profiles for the fuel products and intermediates at 1 and 10 atm at initial temperatures of 810-1043 K.
Other flow reactor studies include investigations by Alzueta et al. [13] , Ing et al. [14] , Rasmussen et al. [15] and Aranda et al. [16] . Alzueta et al. [13] studied the oxidation of methanol with and without NO in a flow reactor, performing the experiments at atmospheric pressure in the temperature range 700-1500 K. Ing et al. [14] reported experimental data for methanol in a flow reactor under pyrolysis and oxidation conditions. Methanol pyrolysis was studied at 1073 K over a pressure range of 1-10 atm while oxidation experiments were conducted over a temperature range of 873-1073 K and a pressure range of 1-5 atm. Rasmussen et al. [15] also studied the oxidation of methanol in a flow reactor with and without the presence of NO in a temperature range of 650-1350 K. Recently Aranda et al. [16] studied methanol oxidation at high pressures (20-100 atm) and low temperatures (600-900 K).
A stirred reactor study of methanol oxidation was conducted by Aniolek and Wilk [17] in 1994.
This covered a temperature range of 650-700 K and a pressure of 0.92 atm.
A low pressure flame speciation study was reported by Akrich et al. [18] . The species of CH 3 OH, O 2 , H 2 O, CO 2 , CO and H 2 were measured as a function of distance from the burner.
Egolfopoulos et al. [19] measured laminar flame speeds for methanol at 1 atm at 298-368 K using the counter-flow twin flame technique. Liao et al. [20] reported laminar burning velocities using the spherical combustion bomb technique for methanol/'air' mixtures at 358 K. Veloo et al. [21] experimentally determined the laminar flame speed of methanol using the counter-flow configuration technique at atmospheric pressure and at an unburned mixture temperature of 343 K. Vancoillie et al. [22] reported laminar flame speed measurements at atmospheric pressure for methanol/'air' mixtures at unburned gas temperatures of 298-358 K using the heat flux method. What is absent for the most part in the previous studies is validation data for engine relevant conditions at pressures in the range 10-150 atm in the temperature range 800-1600 K. This study provides a comprehensive set of data in this regime and covers low-to high-temperature chemistry by coupling ST, RCM and JSR measurements. This provides robust validation when combined with the literature data available for model validation.
Finally if we consider the use of longer chain alcohols as future fuels for transportation, and the fact that ethanol and methanol are currently being used as bio-fuels in petroleum engines, this shows the importance of understanding methanol at engine relevant conditions, due to the hierarchical nature of building detailed chemical kinetic models.
Mech15.34 is the first detailed chemical kinetic model available to be validated at these conditions. In addition, the incorporation of available quantum calculations of rate constants and direct measurements of rate constants is an important advancement in the knowledge of the combustion chemistry of methanol.
Experimental Description
Methanol was obtained from Sigma Aldrich ≥99.8% purity and Tokyo Chemicals Industry ≥99.5% purity. All other gases were supplied by BOC Ireland; nitrogen (CP Grade) ≥99.95%, argon (Research Grade) ≥99.9995%, oxygen (Medical Grade) ≥99.5% and all of these were used without further purification.
The test mixtures were prepared in stainless steel mixing vessels using partial pressures to determine the volumetric percentage of each constituent to within 1% of their reported value.
Test mixtures were allowed to mix overnight before use to ensure homogeneity. Table 2 presents the range of mixtures used to measure the ignition delay times. 
Rapid compression machine (RCM):
The RCM used here has been described in detail by Darcy et al. [23] . It has a twin opposed- The compressed gas temperature, T C , is calculated from the initial temperature, T i , initial pressure, p i , reactant composition, and the experimentally measured compressed gas pressure, p C .
The compressed gas pressure is defined as the first local maximum on the pressure profile. The temperature calculation employed the adiabatic compression/expansion routine in Gaseq [24] which uses the temperature dependence of the ratio of specific heats, γ, according to:
This was performed using the assumption of frozen chemistry during compression. Concurrent non-reactive RCM experiments were performed for each condition studied in order to characterize and properly simulate the facility effects, which primarily constitute heat losses to the walls, that may occur during experiments. These non-reactive experiments are initially recorded as pressure profiles but are converted into normalized effective volume/time histories (using the isentropic relationship between pressure and density) in order to incorporate them into the simulation of reactive experiments. The use of volume profiles, as opposed to pressure profiles, allows the pressure to be used as an ignition delay time indicator. Moreover, it does not constrain the pressure upon which, in addition to temperature, some of the rate constants within the detailed chemical kinetic model depend upon. The created input files are included as supplemental material.
Shock tube (ST):
Two ST facilities have been used in this study. The high-pressure ST used is an updated version of that described in detail by Darcy et al. [25] . It has an inner diameter of 6.35 cm, a driver section 3.0 m long which is separated from the driven section, 5.70 m in length, by a double diaphragm section (3 cm in length) which houses two pre-scored aluminum diaphragms. It is equipped with six PCB113B24 pressure transducers mounted axially along the side-wall and one
Kistler 603B transducer in the end-wall to determine ignition delay measurements from the sharp increase in pressure due to ignition. It has been updated to increase the range of reflected shock pressures that can be safely achieved and to increase the level of accuracy in the shock velocity measurement by employing an extra PCB113B24 pressure transducer which provides a fifth shock velocity measurement. Figure 2 is representative of all of the data measured using this facility. It highlights the ignition delay time definition used for all experiments which is the maximum rate of pressure rise due to ignition after the passage of the reflected shock wave. The low-pressure ST facility has been described in detail previously by Smith et al. [26] . Briefly, it has a barrel-shaped driver section 62 cm long. Polycarbonate diaphragms are used to separate the driver section from the 6.22 m long driven section. This facility has a 10.24 cm internal diameter and is equipped with a Kistler 603B pressure transducer located in the end-wall used to measure ignition delay times, Fig. 3 . This facility was used to study the 2 atm, φ = 2.0 methanol/'air' data only. 
Jet-Stirred Reactor (JSR):
For the JSR experiments, the JSR used is a 4-cm-diameter fused-silica sphere with an inside volume of 35 cm 3 . It has 4 nozzles of l-mm diameter for admitting the gases which achieve the stirring. It is located inside an oven consisting of two independent insulated heating wires operating at a steady a state that was possible. Several gas chromatographs (GC) were used for molecular species quantification. Oxygen and CO were separated on a PLOT molecular sieve 5A column connected to a thermal conductivity detector (TCD). CO, at low concentration (< 0.1% mol) was separated on a Poraplot U column and methanized before quantification with a flame ionization detector (FID). At higher concentration, CO, was measured by a TCD. The C 1 to C 2 hydrocarbons were analyzed on a PLOT Al 2 O 3 /KCl column connected to and FID. Other oxygenates were analyzed on a Poraplot U column (methanizer and FID). Helium was used as carrier gas in the GC analyses. For quantifying hydrogen, we used nitrogen as carrier gas and a TCD. In order to improve the detection, the low-pressure samples were pressurized to 500-750 torr before injection into the column using a heated piston. Identification and quantification of species was accomplished using standard gas mixtures. In this series of experiments the carbon balance was within 10% or better of the initial carbon theoretical input.
Chemical Kinetic Model Formulation

Thermochemical Data
The thermodynamic parameters were taken from the latest version of AramcoMech, Mech56.54
[27].
Reaction Rate Constants
The base mechanism utilized here is the AramcoMech1.3 mechanism, which includes the chemical reaction and thermodynamic data for all major combustion species from C 1 -C 4 . The H 2 -O 2 sub chemistry is derived from Kéromnès et al. [28] . AramcoMech's hydrocarbon model has been published initially by Metcalfe et al. [29] , and was further developed by Burke et al.
[30] with specific emphasis on the propene sub-mechanism chemistry. This was then followed by updates to the dimethyl ether sub-mechanism by Burke et al. [27] , resulting in Mech56.54.
The methanol mechanism presented here used a wide range of validation targets which included, ignition delay times, ST species measurements, JSR species measurements, flow reactor species measurements and laminar flame speed measurements resulting in the most robustly validated methanol mechanism to date. In addition, emphasis was put on the assignment of rate constants within the mechanism using the available rate constant calculations and measurements available in the literature. In comparison to other methanol models available in the literature the new model benefits from the most accurate chemical kinetic rate constants available to date and the wide variety of validation targets obtained in the literature and measured here.
Three unimolecular decomposition reactions were considered. The reactions considered the decomposition of methanol into methyl and hydroxyl radicals, methylene di-radicals and water molecules and the production of hydroxyl-methyl radicals and Ḣ atoms. All three of these reaction rate constants were assigned based on the calculations of Jasper et al. [31] . They are treated as pressure-dependent in the current model using Troe fits.
Hydrogen atom abstraction reactions have been considered for both abstraction from the methyl and hydroxyl site in methanol. For the H-atom abstraction from methanol by Ḣ atoms the calculations of Meana-Pañeda et al. [32] have been incorporated into the mechanism. Similarly the reactions for H-atom abstraction from methanol by hydroxyl and methyl radicals have been taken from the calculations of Xu and Lin. [33] and Alecu and Truhlar [34] respectively. For Hatom abstraction from methanol by molecular oxygen the calculations of Klippenstein et al. [35] have been used. In order to provide a value for abstraction from the hydroxy group in this case the rate constant calculated by Klippenstein et al. [35] for abstraction from the methyl site was reduced in line with the increase in bond dissociation energy, Fig. 4 . This same approach was taken when considering the H-atom abstraction reaction by atomic oxygen, where the recommendation of Tsang [36] were used directly for abstraction from the methyl site and reduced accordingly due the increase in bond strength energy (Fig. 4) at the hydroxyl site. For the H-atom abstraction by hydroperoxyl radicals from methanol the calculation by Altarawneh et al. [37] have been used. In order to improve the model's predictive performance when compared to high pressure and intermediate temperature ignition delay times, JSR and flow reactor species profiles the rate constant for H-atom abstraction by hydroperoxyl radicals from the methyl site has been reduced by increasing the computed activation energy by 0.5 kcal mol -1 . This change in the activation energy is within the uncertainty of the calculation of Altarawneh et al. [37] .
Finally, the reaction of methoxy and hydroxyl-methyl radicals with formyl radicals forming methanol and carbon monoxide molecules has been included based on the work of Friedrichs et al. [38] and the estimation of reaction of two radical species (assigning a pre-exponential Afactor of 1.0 × 10 13 cm 3 mol -1 s -1 , respectively. 
Results and Discussion
Ignition delay times, RCM and ST
A comprehensive matrix of ignition delay times are measured using both an RCM and two ST's, which have already been described. The range of experiments cover different pressures (2-50 atm), temperatures (850-1650 K), equivalence ratios (φ = 0.5-2.0) and dilutions (fuel in air conditions down to 1.5 mole % methanol concentration). The complete list of mixtures studied is presented in Table 2 . In this section the experimental data will be presented and compared to the predictions of the model developed in this work (Mech15.34) and the model of Li et al. [39] . All simulations are performed using CHEMKIN-PRO [40]. Figure 5 presents a comparison of ignition delay time data measured by this study and data measured for the same mixture composition and reflected shock conditions by the literature study of Noorani et al. [6] . The two sets of data agree very well when compared to one another, which forms a validation of the experimental ignition delay measurements here. In addition, the simulations using both the newly developed Mech15. 34 The two definitions show no difference in the measured ignition delay times as shown.
Nonetheless in order to accurately compare the model simulations to the data the different ignition delay time definitions were considered. Both models predict the two sets of experimental data very well. Under these conditions the two models show no qualitative differences in there ignition delay time predictions.
Mixtures 8 and 10 (Table 2 ) are complementary mixtures measured using the ST and RCM respectively. This method of using both the RCM and ST allows for the measurement of ignition delay times over a wider range of temperatures. In order to model the RCM data (mixture 10) the facility effects were incorporated in the simulations using the method described in detail in Section 2.1. Once again both models are used to simulate this data, and there is no significant difference in the performance of the models. At temperatures above 1176 K the model of Li et al. [39] begins to predict ignition delay times that are fast when compared to the new experimental ignition delay times measured in the ST. Both models seem to equally over-predict ignition delay times for the experimental data measured for mixture 10 in the temperature range of 950-1000 K.
The influence of pressure on the ignition delay times of methanol is displayed in Fig. 7 . Mixtures 8 and 9 (Table 2 ) are used to show the decrease of ignition delay times as pressure increases from 10 to 50 atm. This decreasing ignition delay time with increasing pressure is expected as at higher pressures the concentration of reactants increases thereby increasing reaction rate.
Similarly as pressure increases so too does pressure dependent reaction rate constants again resulting in increased reactivity (decreased ignition delay time). The two models replicate the effect of pressure accurately, showing reasonable agreement with the experimental data. 
In Figs. 8 (a) and (b) the influence of equivalence ratio on the ignition delay time of methanol is
shown using two nominal pressures of 30 atm, Fig. 8(a) , and 40 atm, Fig. 8(b) . In order to display this Mixtures 3, 4, 11, 12, 16 and 17 (Table 2 ) are used. At the two pressures shown, the ignition delay times decrease with increasing equivalence ratios. This effect is expected as the concentration of reactive species (fuel and O 2 ) is increasing with the increasing equivalence ratio. The two models both qualitatively capture this trend, however the model of Li et al. [39] tends to over-predict the ignition delay times over all conditions shown in Fig. 8 while the newly developed Mech15.34 generally predicts the data accurately. 
Mech15.34 -bold font, Li_Mech [39] -italic font.
In order to further understand the differences predicted by the two models flux analyses were performed. These analyses were performed at the time when 20% of the initial fuel concentration has been consumed. Both models were used to perform flux analyses at the condition of 5.7% methanol, 8.55% oxygen (φ = 1.0), p = 38.4 atm and T = 906 K. This is a condition shown in Fig. 8 (b) for mixture 12 (Table 2) shown above. One of the most significant differences in the two models predictions is the prediction from the model of Li et al. [39] that 24.4% of the methanol is consumed to form methoxy radicals. This seems unlikely as the O-H bond being broken is 9.08 kcal mol -1 stronger that the alternative C-H bond that can be broken on the methyl site. In addition to this the calculations of Xu and Lin [33] have shown that the H-atom abstraction from the methyl site is preferred over temperatures of 200-3000 K. The addition reaction of hydroxyl radicals to formaldehyde to form HOCH 2 Ȯ radicals is not considered in the model of Li et al. [39] . The addition reaction of hydroxyl radicals with small species containing the carbonyl group has been discussed by Taylor et al. [41] , and the rate constant for CH 2 O + ȮH ↔ HOCH 2 Ȯ is taken from that study in Mech15.34.
The influence of mixture dilution is depicted at two different nominal pressures (10 and 50 atm)
in Fig. 10 . In Fig. 10 (a) the difference between mixture 13 (CH 3 OH = 3.10%, O 2 = 4.65% and Ar = 92.25%) and mixture 8 (CH 3 OH = 5.70%, O 2 = 8.55% and Ar = 87.75%) is shown. The ignition delay times decrease as reactant concentration increases from mixture 13 to mixture 8.
Both models predict the data well, however as mentioned above, the mechanism of Li et al. [39] begins to predict ignition delay times that are too fast above 1176 K for mixture 8. In Fig. 10 increasing reactant concentration (ignition delay times of mixture 7 < ignition delay times of mixture 9). In general both models are capable of predicting both datasets in Fig. 10 (b) .
However both models tend to under-predict ignition delay times of mixture 9 at temperatures above 1179 K. As shown in Fig. 7 earlier, ignition delay times decrease with increasing pressure. This effect is further emphasized in Fig. 11 . Moreover, Figs. 11 (a) and (b) also highlight experiments where pre-ignition events occur. This effect was evident for fuel/'air' mixtures at elevated pressures (> 10 atm) and only for ignition delay times of greater than 1000 µs. This type of ignition is inhomogeneous and is identified through a noticeable yet gradual pressure increase prior to the main ignition event. This phenomenon has been reported previously for methanol ignition by
Fieweger et al. [5] and is not zero-dimensional, and therefore cannot be modelled using the assumptions outlined in Section 2.2. The two models predict the data not displaying pre-ignition effects well in Fig. 11 . Figure 12 presents the influence of pressure on methanol ignition delay times at temperatures below 1000 K. Previous methanol ignition delay time studies have lacked ignition delay times below 1000 K. The only previous study to measure at these temperatures was that of Kumar and Sung [7] . The data from Kumar and Sung [7] were ultimately qualitative as a comprehensive set of non-reactive profiles were not supplied in order to model that data. In the current study a comprehensive set of CHEMKIN format input files are provided for the simulation of the RCM data measured. In Fig. 12 ignition delay times at temperatures below 1000 K and at three Another unique aspect to the ignition delay time measurements presented here is the measurement of ignition delay times at a pressure of 50 atm. This is the first time that ignition delay times have been measured for methanol mixtures at 50 atm. Figure 13 presents these new ignition delay times and illustrates the influence of equivalence ratio on the ignition delay times at this pressure. The ignition delay times decrease as equivalence ratio increases. The two models predict these data well, however as the temperature decreases the model of Li et al. [39] predicts notably longer ignition delay times than Mech15.34. Brute force sensitivity analyses were performed in order to determine the reaction rate constants that were controlling the prediction of ignition delay times under the conditions presented in Fig.   13 . The sensitivity analyses were performed by simulating the specified condition while increasing and decreasing each rate constant in the model by a factor of 2. The sensitivity coefficient reported was then determined using the following equation: Where τ + is the simulated ignition delay time when a rate constant is increased by a factor of 2, τ -is the simulated ignition delay time when a rate constant has been decreased by a factor of 2, k + is the rate constant when it is doubled and k -is the rate constant when it is halved. Therefore a negative sensitivity coefficient denotes a rate constant that is promoting reactivity, while a positive sensitivity coefficient denotes a rate constant that is inhibiting reactivity. The sensitivity analyses shown in Fig. 14 indicate that the most promoting reactions for all three equivalence ratios are; H-atom abstraction by hydroperoxyl radical forming hydroxymethyl radicals and hydrogen peroxide and the decomposition of hydrogen peroxide forming two hydroxyl radicals.
The most inhibiting reaction under the conditions studied was the bimolecular reaction of two hydroperoxyl radicals forming hydrogen peroxide and water. Mech15.34 has previously [28] updated the rate constant for hydrogen peroxide decomposition using the recent calculation of Troe [42] . The rate constant for H-atom abstraction from methanol by hydroperoxyl radicals has been updated in Mech15.34 to use the recent calculations of Altarawneh et al. [37] . In contrast the model of Li et al. [39] utilizes the estimate made by Cathonnet et al. [9] from 1986 for this rate constant.
JSR Species measurements
Methanol oxidation was studied at a range of concentrations (CH 3 OH = 2000-4000 ppm, O 2 = 3000-15000 ppm), pressures (1-20 atm) and temperatures (700-1200 K). These species measurements provide excellent validation target for Mech15.34, identifying whether the decomposition of the reactants and formation of intermediates and products can be qualitatively and quantitatively predicted by the developed model.
As was performed in Section 4.1, the new experimental measurements will be compared to the predictions of both the model developed here (Mech15.34) and previously by Li et al. [39] . The data shown in Fig. 15 show that the two models under-predict CH 2 O. In this case, the model of Li et al. [39] at least qualitatively, predicts the formation of H 2 more accurately than Mech15.34. In general however, there is no perceivable qualitative difference between the two different models when comparing their predictions of the major species. Mech15.34 shows a qualitative improvement on the prediction of H 2 compared to the model of Li et al. [39] in Fig. 19 (b) . In general however, there is no perceivable qualitative difference between the two different models for the prediction of the other species shown in Fig. 19 . In Fig. 22 both models under-predict H 2 , CO and CH 2 O at temperatures above 850 K. Once again however the qualitative predictions of the two models are quite similar.
Conclusions and Future Work
The data contained herein covers ignition delay times measured in two STs and in an RCM and species measurements for methanol oxidation performed in a JSR. The ignition delay times measured cover a range of pressures (2-50 atm), temperatures (820-1650 K), equivalence ratios (0.5, 1.0 and 2.0) and dilutions (1.5% to 21.9% methanol, including fuel/'air' mixtures). These ignition delay times cover the widest range of conditions for any ignition delay time study of methanol to date. Of particular novelty are the high pressure (50 atm) and low-temperature Further development of the methanol model would benefit from a detailed revisiting of the rate constant for H-atom abstraction from methanol by hydroperoxyl radical. This rate constant
showed particular sensitivity when predicting data at low-temperatures (<1000 K) and highpressures (>10 atm). Absent to date is a direct measurement of this rate constant to supplement the already available quantum calculations of this rate constant. In order to further improve the chemical accuracy of the model a direct measurement of this rate constant would be particularly useful.
